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Purpose: Currently, the clinical benefits of tea polyphenols have contributed to the devel-
opment of efficient systemic delivery systems with adequate bioavailability and stability. In
this study, we aimed to establish a nanoparticle model to overcome the shortcomings of
epigallocatechin gallate (EGCG) in the treatment of lung cancer.

Materials and Methods: Poly(lactic-co-glycolic acid) (PLGA) nanoparticles (NPs) loaded
with EGCG were prepared by the oil-in-water emulsion solvent evaporation technique. The
characteristics of NPs, entrapment efficiency, and in vitro release were systematically
evaluated. The cellular uptake, cytotoxic activity, and the effect of the formulation on cellular
apoptosis of free-from EGCG and the NPs were compared. The interaction between protein-
NF-kB and EGCG was detected by bio-layer interferometry (BLI). NF-kB signaling was
evaluated by Western blotting and q-RT-PCR. The efficacy of the optimized nanoformulation
was evaluated using a patient-derived tumor xenograft (PDX) model.

Results: EGCG-loaded NPs (175.843.8 nm in size) demonstrated its optimal efficacy, with
approximately 86.0% of encapsulation efficiency and 14.2% of loading efficiency.
Additionally, EGCG-encapsulated PLGA-NPs offered a 3-4-fold dose advantage compared
to free EGCG in terms of exerting antiproliferative effects and inducing apoptosis at lower
doses (12.5, 25 uM). Molecular interaction assays demonstrated that EGCG binds to NF-kB
with high affnity (KD=4.8x10"> M). EGCG-NPs were more effective at inhibiting NF-xB
activation and suppressing the expression of NF-kB-regulated genes than free EGCG.
Furthermore, EGCG-NPs showed superior anticancer activity in the PDX model than free
EGCG.

Conclusion: These findings indicated that the prepared EGCG-NPs were more effective
than free EGCG in inhibiting lung cancer tumors in the PDX model.

Keywords: anticancer, tea polyphenol, nanoparticles, NF-xkB

Introduction

Non-small cell lung cancer (NSCLC) comprises about 85% of all diagnosed lung
malignancies." Many lung cancer patients are diagnosed at later stages of the
disease, leading to a S5-year survival rate of only ~15%.> Chemotherapy and
radiation therapy, as well as a combination of both, are used for an attempt to
reduce tumor mass and halt disease progression. However, chemotherapeutic agents
damage healthy tissues, leading to systemic toxicity and adverse -effects.
Additionally, they greatly limit the maximum tolerated dose of anticancer drugs
which restricts their therapeutic efficacy.’
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Phytochemicals that induce fewer side effects have
emerged as newer options and effective chemotherapeutics
for recalcitrant cancers.*” (-)-Epigallocatechin-3-gallate
(EGCG), an active ingredient in green tea, has been
known to effectively inhibit the formation and develop-
ment of tumors including lung cancer.” ' EGCG may
induce cell apoptosis and contribute to lung tumor regres-
sion by downregulating the expression of NF-xB in lung
cancer. On the other hand, our previous study also showed
that that downregulation of NF-kB expression is correlated
with the anti-proliferative effects of EGCG in A549 and
H1299 cells.*” In spite of promising preclinical findings,
the applicability of tea in human cancer therapy is limited
owing to a lack of efficient systemic delivery, bioavail-

ability, and stability."'

Notably, previous studies have
shown that EGCG inhibited the growth of many cancers,
including lung, bladder, and colorectal cancer, with an
ICso more than 100 uM for 48 h.&1214

Furthermore, the excessive uptake of EGCG has been
known to cause several adverse effects in the human body,
including hepatitis."*> Based on these findings, taking
EGCG as an anti-tumorigenic agent in clinics should pon-
der how to deliver EGCG to the right target site and to
maintain an appropriate cell fluid level. The establishment
of superior EGCG pharmacodynamics and pharmacoki-
netics in cancer therapy has been a challenging issue.'”

Nanoparticles (NPs) as drug carriers have drawn consider-
able attention since NPs possess unique physical properties,
such as higher tissue permeability, colloidal stability, and drug
bioavailability, as well as relatively lower cost.'>'” It has been
reported that many different nanosystems have designed to
encapsulate EGCG such as EGCG-CS-NPs, EGCG-B-Lg-
NPs, EGCG-Au-NPs, EGCG-PLGA-NPs and so on.'®?'
And these are effective techniques to improve the stability
and bioavailability of EGCG. However, compared to EGCG-
Au-NPs, the preparation process of EGCG-PLGA-NPs is
simple and more economical. In addition, EGCG-PLGA-
NPs have better antioxidant effects than EGCG-CS NPs.'* 2!
Polymer-drug conjugates, firstly developed in the mid-1970s,
have laid the foundation for new types of anticancer
therapeutics.”> Among them, poly(lactic-co-glycolic acid)
(PLGA) is an FDA-approved polymer with great biocompat-
ibility and biodegradability. Many researches have demon-
strated the great potential of PLGA as a carrier for cancer
treatment which has a sphericity is better than -Lg-NPs.?**

Here, we established a PLGA drug development model for
loading EGCG in a PLGA carrier to enhance uptake, retention,
and cytotoxicity in cancer cells in vitro. Additionally, the

antitumor efficacy of the formulated EGCG-NPs was assessed
in a patient-derived tumor xenograft (PDX) model. EGCG-
NPs demonstrated a significant improvement in lung cancer
treatment compared to free EGCG.

Materials and Methods

Cell Culture

The lung cancer cell lines A549 and H1299 were obtained
from Chinese Academy of Sciences. Briefly, A549 and
H1299 cells were cultured in RPMI-1640 (Thermo Fisher
Scientific Inc, Waltham, MA, USA) containing 10% (v/v)
fetal bovine serum (Welgene, Inc, Daegu, South Korea)
and 50 U/mL penicillin/streptomycin (NCM Biotech,
Suzhou, China) at 37°C in 5% CO, humidified incubator.

Materials

COOH-terminated PLGA (inherent viscosity range 0.15-
0.25 dL/g, lactide/glycolide ratio 50:50, average molecular
weight 15,000-24,000), polyvinyl alcohol (PVA, average
molecular weight 20,000-30,000) and dichloromethane
(DCM) were purchased from Sigma-Aldrich (St Louis,
MO, USA). Cell Counting Kit-8 (CCKS8), EGCG, and
Neil Red were purchased from Dalian Meilun Biotech.
The type of water used is ddH,O.

Preparation of EGCG-Loaded PLGA-NPs

PLGA nanoparticles were prepared using the oil-in-water
emulsion solvent evaporation technique PLGA-NPs loaded
EGCG. Briefly, for the preparation of EGCG-encapsulated
PLGA-NPs, the ratio between the volume of EGCG to the
volume of PLGA was 1:20. EGCG (10 mg) was dissolved in
deionized water (1 mL) and emulsified with a solution of
PLGA (10 mg) dissolved in dichloromethane (1 mL) to form
an oil-in-water emulsion. The emulsification was performed
using a microtip probe sonicator (Sonics & Materials Inc,
Newtown, CT, USA) with a sonicator operated at 200
W over an ice bath. The formed o/w emulsion was poured
into 2 mL of a PVA aqueous solution (5%, w/v). The
mixture was emulsified for 4 min with a sonicator operated
at 200 W. To allow the formation of NPs, the emulsion was
stirred for 4 h on a magnetic stir plate at room temperature.
NPs were recovered by centrifugation at 12,000 rpm for 45
min at 4°C for removal of the organic solvent and hardening
of the NPs. The NPs obtained were suspended in water and
again centrifuged (12,000 rpm for 60 min). The process was
repeated three times, and finally, the NPs were prefrozen at
—80°C overnight then were freeze-dried (Four Ring Fury
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Inc, Beijing, China) for 24 h to obtain the powdered form of
NPs. Likewise, EGCG-NPs were prepared and stored at 4°C
under anhydrous conditions until it was used for further
studies (at least 2 months).

Neil Red-NPs were also prepared using an oil-in-water
emulsion solvent evaporation technique as previously
described. PLGA (10mg) and Neil Red (10 ug) were added
to DCM (1 mL) to form the organic phase. ddH,O was used
instead of EGCG as the internal aqueous phase. Other steps
are consistent with preparation methods of EGCG-NPs.

Characterization of NPs

Particle Size, Zeta Potential, and Surface Morphology
of the NPs

The mean particle size and distribution, as well as the zeta
potential of the EGCG-loaded NPs (1 mg/mL in H,0),
were determined using the dynamic light scattering tech-
nique with a Zetasizer Nano-ZS (Malvern Instruments,
Malvern, UK). Scanning electron microscopy (SEM,
Zeiss-Supra 55VP, Germany) was performed to observe
the surface morphology of NPs.

Drug Loading and Encapsulation Efficiency

Drug loading and encapsulation efficiency were determined
by Ultra Performance Liquid Chromatography (UPLC, MK-
I, Waters, Milford, CT, USA). EGCG was quantified by UV
detection at 254 nm. Briefly, an accurately weighed sample
of drug-loaded NPs (10mg) were suspended in dichloro-
methane (ImL), and then vortexed vigorously for 5 min.
Then centrifuged at 12,000 rpm for 60 minutes. Next, the
supernatant was collected and filtered using a 0.45 um filter.
The amount of drug (mg) was calculated from the standard
curve drawn for a varying amount of drug (mg) and inte-
grated. Drug loading (DL) and encapsulation efficiency (EE)
were determined from the following equation:

DL =M/M ,,x 100%, EE =M/M i,x 100%, where M is
the actual mass of drug-loaded in the NPs, M ,, is the total
mass of NPs, and M ;, is the initial mass used in the
preparation of NPs.*>

In vitro Release of EGCG from PLGA-NPs

EGCG-loaded NPs were evaluated for their in vitro release
kinetics using the dialysis method for 14 days. A weighed
amount of EGCG-NPs (10 mg) was dispersed in 1 mL phos-
phate-buffered saline (PBS; pH 7.4), after which the solution
was transferred to a dialysis bag (molecular weight cut-off 12
kDa) and allowed to dialyze against 200 mL of the same
buffer at 37°C+0.5°C, with stirring at 100 rpm in a shaking
incubator (Unimax 1010, Heidolph, Schwabach, Germany).

Sampling was performed at specified time intervals, and an
equal amount of fresh PBS was added. Each drug release
experiment was tested in triplicate in vitro. Next, the content
of EGCG in PBS was determined by UPLC analysis.

Cytotoxicity Study

H1299 and A549 cells were plated at 3x10° per well in
100 pL of complete culture medium in 96 well plate. Cells
(60% confluent) were treated with free EGCG and EGCG-
NPs with the indicated doses (3.125-25 pM). 72- or 96-
hour post-treatment the medium was removed and cells
were washed with PBS and incubated for 10 uL. CCKS.
The absorbance was recorded at 450 nm on a microplate
reader. Experiments were repeated three times with similar
results. The effect of each treatment was assessed as
a percentage of cell viability in which the untreated control
was taken as 100% viable.?

Annexin V-FITC/PI Double Staining

A549 and H1299 cells were seeded in 6-well plates (5x10°
cells/mL) and exposed to EGCG or EGCG-NPs for 96
h. Then, the cells were stained using the Annexin
V-FITC/PI double-fluorescence apoptosis detection kit
(BD Pharmingen, #9,057,689) in accordance with the
manufacturer’s guidelines. The samples were analyzed
using a flow cytometer (FACSCalibur, BD Biosciences)
within 1 h of staining. Data analysis was performed using
the FlowJo software package.

Cellular Uptake of the NPs

A549 and H1299 cells were incubated with Neil red-
loaded NPs (red) and free Neil red for 4 h, respectively.
Cells were harvested 4 h after incubation with NPs con-
taining fluorescent-PLGA (red). Next, the nucleus was
stained with DAPI (blue) and the cells were fixed with
4% paraformaldehyde at room temperature. The inverted
fluorescence microscope (Thermo Fisher Scientific Inc,
Waltham, MA, USA) was used to observe the cellular
uptake. Neil red (NR), an organic fluorescent dye, was
used to demonstrate the uptake of NPs in tumor cells.

Bio-Layer Interferometry (BLI) Kinetic
Binding Studies

EGCG-NF-kB kinetic studies were conducted using the Octet
Red 96 instrument (FortéBio, Silicon Valley, California, USA).
The purified NF-kB protein (99% purity) (Shengzhe
Biological Technology Inc, Hainan, China) was loaded onto
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Streptavidin biosensors (FortéBio, Silicon Valley, California,
USA) at 1000 rpm for 600 s, and the baseline was stabilized for
60 s. EGCG was diluted to the final concentrations of 100 pM,
50 uM, 25 uM, 12.5 pM, and 6.125 uM in PBS with Tween®,
respectively, and associated with the protein on the loaded
sensors at 1000 rpm for 60 s, and dissociated for 60 s. The
dissociation constants (KD) were analyzed with FortéBio
Octet Data Analysis Software version 9.0.0.14.

Quantitative Real-Time PCR (qRT-PCR)
A549 and H1299 cells were treated with free-EGCG (12.5, 25
uM) and EGCG-NPs (12.5, 25 uM) for 48 h. Total RNA was
extracted from lung cancer cells using the TRIzol reagent
(Invitrogen, USA) and cDNA was synthesized with the
PrimeScript RT Reagent Kit (TaKaRa #RR047A). qPCR was
performed on the LightCycler 96 Real-Time PCR system
(Roche, G10120-100G, Switzerland) with SYBR Premix Ex
Taq (TaKaRa #RR420A). Relative expression was normalized
to that of GAPDH by the 22" method. Analysis of each gene
was performed at least three times. The sequences of all
primers used for the qRT-PCR analysis are listed in Table 1.

In vivo Studies in the Patient-Derived
Xenograft (PDX) Model

This study was approved by the Institutional Review
Board of Fujian Medical University (Approval Number:

FIMU-IACUC-18-107), and written informed consent was
obtained from each participant. The study was carried out
in accordance with the guidelines for the care and use of
human specimens and animals, including in the approved
protocol. A portion of the patient’s resected tumor was
immediately placed in Dulbecco’s Modified Eagle
Medium (DMEM) in ice. Next, 2-3 mm® tumor portions
were implanted on the flanks of male NOD/SCID mice,
aged 8—10 weeks. Furthermore, the tumors were implanted
into additional Balb/c athymic nude mice when a size of
about 1000 mm® was obtained. The mice were randomly
divided into 3 different treatment groups (8 mice per
group). PDX tumor bearing mice were treated with PBS
(control), free EGCG (10 mg/kg), EGCG-NPs (5 mg/kg)
by intraperitoneal injection (i.p.) daily for a month. Tumor
volumes were calculated using the following equation:
Volume = widthxlength?/2.

Histological Examination

Paraformaldehyde-fixed and paraffin-embedded tumor sec-
tions were stained with hematoxylin (Service bio #G1004),
Ki67 (1:500 dilution, Abcam #AB15580) and phosphory-
lated NF-xB p65 (1:250 dilution, 3033s, Cell Signaling
Technology, USA) using routine methods. TUNEL staining
was assessed using the TUNEL Kit (11,684,817,910, Roche,
with the manufacturer’s

Germany) in accordance

Table | Primer Sequences of Relevant Genes Used for qRT-PCR

Genes Accession # Sequences of Primers
GAPDH NM-002046.7 Forward: 5'-AAGGTGAAGGTCGGAGTCAAC-3’
Reverse: 5'-GGGGTCATTGATGGCAACAATA-3
BCL2 NM-000657.2 Forward: 5'-GACTTCGCCGAGATGTCCAG-3'
Reverse: 5'-GAACTCAAAGAAGGCCACAATC-3’
BCL-XL NM-138578.3 Forward: 5'-CCCAGAAAGGATACAGCTGG-3’
Reverse: 5'-GCGATCCGACTCACCAATAC-3'
COX-2 NM-000963.4 Forward: 5'-GATTGACAGCCCACCAACTT -3’
Reverse: 5'-CTCTCCACCGATGACCTGAT-3'
TNFa NM-000594.4 Forward: 5'-CAGAGGGAAGAGTTCCCCAG-3'
Reverse: 5'-CCTTGGTCTGGTAGGAGACG-3’
Cyclin DI NM-053056.2 Forward: 5'- CTGGCCATGAACTACCTGGA-3’
Reverse: 5'-GTCACACTTGATCACTCTGG-3'
C-MYC NM-00246.7 Forward: 5'-CCAGCAGCGACTCTAAGG-3'
Reverse: 5'-CCAAGACGTTGTGTGTTC-3’
TWISTI NM-000474.4 Forward: 5'-CCATGTCCGCGTCCCACTA-3’
Reverse: 5'-CCCACGCCCTGTTTCTTTCTTTGAAT-3'
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instructions. The stained slides were digitized using a digital
microscope camera (Pannoramic MIDI, 3D HISTECH,
Hungary) with a 40x objective. The proportion of cells
exhibiting nuclear phospho-NF-kB staining and Ki67-
positivity was determined using the ScanScope default
nuclear algorithm.

Western Blot

A549 and H1299 cells were treated with free-EGCG (12.5,
25 uM) and EGCG-NPs (12.5, 25 uM) for 48 h. They were
then lysed in lysis buffer. After lysis, the samples were boiled
and protein samples (40 pg) were fractionated in 10%
sodium dodecyl sulfate polyacrylamide gel then transferred
to a polyvinylidene difluoride membrane (Millipore, USA).
After blocked with 10% nonfat milk, membranes were
washed with TBST and then incubated with primary antibo-
dies overnight at 4°C. The following primary antibodies were
used: anti-NF-xB (Abcam, #ab32536), anti-P-NF-kB
(Abcam, #ab86299), as well as goat anti-rabbit (Proteintech
#SA100001-2). Finally, visualization of protein bands were
performed using an ECL substrate reagent kit (GE
Healthcare) on a Gel Doc XR imaging system (Bio-RAD,
USA). B-actin (Abcam#ab227387) was used as the internal
reference. The gray value of each protein was determined
using Quantity One software, followed by statistical analysis.

Statistical Analysis

In case of all statistical analyses, the significance was set at
a probability of P< 0.05. All results were reported as the means
+ standard error (SD). The Student’s #-test was used to compare
two groups of independent samples. One-way ANOVA analysis
was used to evaluate the statistical significance of multiple groups.

Result

Characteristics of EGCG-Loaded
PLGA-NPs

Recent studies have shown that free EGCG can
achieve cancer-preventive effects at considerably high
concentrations,*'?"'* possibly restricting the clinical appli-

cations. To achieve high therapeutic efficacy with lower
drug dosage and reduce drug resistance, it is critical to
consider other measures to lower the efficiency concentra-
tion of EGCG in lung cancer treatment. It is well known that
NPs have shown great potential in various biomedical
applications. Particles ranging from 10 to 200 nm are con-
sidered ideal NPs to promote tumor accumulation.’’ > In

our study, EGCG was encapsulated into PLGA-NPs using

the oil-in-water emulsion solvent evaporation technique.
(Figure 1A) The dynamic light scattering technique
revealed that the formulated NPs were 175.843.8 nm in
size (n=9), with an excellent particle size distribution
(PDI=0.096+0.015). As expected, the zeta potential of
these particles was found to be negative (—13.70+0.87
mV) due to the negatively charged PLGA (Figure 1B).
Furthermore, using SEM, the surface morphology of the
NPs was revealed as being smoothly spherical (Figure 1C).
The drug content and EE of the optimized formulation were
14.240.3% and (86.0£1.5% (n = 9),
(Figure 1D).

respectively

In vitro Release and Stability of
EGCG-Loaded NPs

Notably, burst release always occurs in the in vitro drug release
of nanoparticles prepared by nanoprecipitation, caused by the
adsorption of drugs onto the surface of NPs.** However, our
study showed approximately 85% increase in EGCG release
in 12 days from EGCG-loaded NPs. Only 17% of the total
EGCG load was released in the first 3 h, suggesting that the
NPs demonstrated a sustained release of the EGCG
(Figure 2A). Kinetic stability in a biological medium is an
essential property for a drug nanocarrier since a possible ther-
apeutic formulation would need to have the same integrity
when formulated and when administered several hours later.*’
The result demonstrated that the hydrodynamic diameter
remained essentially unchanged as the particle size of 175.8
+3.8 nm at the end of the experiment was similar to the starting
particle size of 190+3.6 nm (Figure 2B). This indicated that the
nanoparticle suspensions did not aggregate or undergo gross
degradation throughout the 60-day incubation in PBS (pH 7.4)
at 4°C. Therefore, EGCG-loaded PLGA-NPs appear to be
promising vehicles for drug delivery.

Cellular Uptake of the NPs and
EGCG-NPs Decreased Lung Cancer Cell
Viability

An inverted fluorescence microscope was used to demonstrate
the uptake of NR-loaded NPs by tumor cells. As shown in
Figure 3A and B, the free NR failed to enter A549 and H1299
cells, while NR-loaded NPs could effectively enter A549 and
H1299 cells through endocytosis. This result demonstrated the
advantage of NPs in transporting drugs into cells. To test the
biological efficacy of our nanoconjugate system, we first com-
pared the effectiveness of EGCG-NPs with free EGCG on the
proliferative ability of A549 and H1299 cells for 72 and 96
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Figure | Characterization of EGCG-PLGA-NPs (n=9). (A) Particle size distribution based on the images taken. (B) Zeta potential of the particles (C) Scanning electron
microscopy (SEM) images of the NPs. Scale bars = 100 nm. (D) Drug loading efficiency and encapsulation efficiency of NPs.

h. Although the safety of PLGA has been widely recognized
owing to its biocompatibility and biodegradability, unloaded
NPs were also evaluated.”> As shown in Figure 3, the treatment
of cells with nanoparticles alone (ddH20-NPs) had a negligible
effect, confirming the no toxicity property of NPs. However,
EGCG-NPs,
a remarkable inhibitory effect on cell growth, with about

in comparison to free EGCG, induced
3-4-fold superior efficacy. As shown in Figure 3C, in A549,
the inhibition ratio of EGCG-NPs was 55% and 65%, while
that of native EGCG was around 12.5% and 15%, at 72 h and
96 h, respectively. H1299 cells were also more sensitive to
EGCG-NPs than to free EGCG (12.5, 25 uM) (Figure 3E).
According to previous reports,’’ drug-loaded nanoparticles
can enter tumor cells through endocytosis and then release
the drug into cells. This approach could overcome the mechan-
ism of resistance in tumor cells by avoiding the efflux of
P-glycoprotein.®' Similar effects were observed at 96 h post-
treatment, suggesting a sustained release of EGCG from the
nanoparticles (Figure 3D and F). The IC50 on A549 and
H1299 cells also demonstrated that EGCG-NPs significantly
enhanced the anti-proliferative effect (Figure 3G).

Apoptosis-Inducing Potential of EGCG Was
Enhanced by EGCG-Loaded PLGA-NPs

Previously, we demonstrated that EGCG reduced the
viability of lung cancer cells by inducing apoptosis.®
In detail, the percentage of apoptotic A549 (H1299)
cells after 48 h of treatment with 80 and 160 uM of
EGCG was found to be 4.5% (5.1%) and 22.2%
(33.5%), respectively.® Based on the above results, we
determined if the effective concentration of EGCG could
be lowered by developing a nanoformulation to induce
apoptosis. H1299 and A549 cells were treated with
EGCG (12.5, 25 puM) for 96 h (Figure 4). Next, the
cells were subjected to flow cytometric analysis and the
apoptotic cells were detected by Annexin V and PI
staining. We observed that the 25 pM EGCG-NPs
induced 72% and 98% apoptosis in A549 and H1299
cells, respectively; however, EGCG only induced 6.3%
and 21% apoptosis (Figure 4A—D) after 96 h of treat-
ment. The data revealed enhanced apoptosis in A549
and H1299 cells treated with EGCG-NPs compared to
that observed following treatment with free EGCG.
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EGCG-Loaded PLGA-NPs Enhanced
EGCG-Induced Apoptosis by Suppression
of NF-xB

NF-«B is linked to the proliferation of tumor cells and has
shown EGCG-induced lung cancer apoptosis via the down-
regulation of NF-kB.® In our study, we further examined
whether EGCG-NPs induced apoptosis by suppression of
NF-kB. First, the binding affinity of EGCG for protein-NF
-kB was detected using BLI analysis (Figure 5A). The results
demonstrated that binding decreased with increasing EGCG
concentration, indicating that EGCG blocked NF-«B activity
in a concentration-dependent manner, with KD=4.8X10">
M. (Figure 5A and B).

Next, we investigated whether the cellular cytotoxicity
induced by EGCG-NPs in lung cancer cells was also
mediated by the same mechanism as previously reported.®
The cells were incubated with different concentrations of free
EGCG or EGCG-NPs for 48 h. In A549, EGCG-NPs treat-
ment (12.5 25 uM) demonstrated obvious inhibition of phos-
pho-NF-kB protein (Figure 5C and E). Similar results were
also reported in the H1299 cell line (Figure 5D and F).

To be sure that EGCG-induced apoptosis is triggered by
inhibited NF-kB, we then examined expressions of several
NF-«B pathway-related genes that mediate cellular prolifera-
tion, invasion, and angiogenesis, including BCL2, BCL-XL,
COX-2, TNFa, cyclinD1, C-MYC, TWIST1, and MMP2."-*
The result showed the expression of these genes was partially
inhibited by EGCG, dose-dependent significantly inhibition
was observed with the EGCG-NPs and was consistent with
a decrease in phospho-NF-kB expression (Figure 5G and H).

EGCG-Loaded PLGA-NPs Enhanced

Antitumor Potential in vivo

Since ECCG-NPs effectively suppressed the growth of tumor
cells in vitro, we examined its efficacy and safety in vivo. We
used the human lung cancer PDX mouse model, which has
been shown to recapitulate the histologic and genetic features
of human primary tumors and is useful in assessing treatment
response.*> We treated PDX model with EGCG-NPs (5 mg/kg
i.p.) and free EGCG (10 mg/kg i.p.). We failed to observe any
noticeable differences in body weight, suggesting that our
nanoformulation or free EGCG did not induce any apparent
toxicity in the animals (Figure 6A). The group treated with
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Effects of EGCG-NPs on proliferation of (C, D) A549 cells, (E, F) HI1299 cells as determined by CCK8 assay at 72 h and 96 h, respectively. (G) The IC50 on A549 and

H1299 cells. Means * SDs of three independent experiments are shown. *P < 0.05.

EGCG-NPs indicated a significant decrease in both tumor
volume and tumor weight compared to those observed in the
control group and the EGCG treatment group (Figure 6B-D).
Next, we performed Ki67 and TUNEL assays using the xeno-
graft tumor tissues to measure apoptosis and tumor prolifera-
tion. As shown in Figure 6E, EGCG-NPs increased the
efficacy of EGCG in pro-apoptosis (number of green color
spots in TUNEL increased) and inhibition of proliferation
(brown color spots number of Ki67 decreased), similar to
our in vitro results. In our last set of experiments, to further
elucidate the mechanism underlying the inhibition of tumor
growth, we detected the expression of phospho-NF-kB in the
tumor tissues. The results of the immunoblot analysis clearly
indicated that EGCG-NPs enhanced the downregulation of
phospho-NF-kB compared to free EGCG. Collectively,
PLGA-encapsulated EGCG significantly enhances the che-

motherapeutic efficacy of EGCG against lung cancer in vivo.

Discussion

Despite significant efficacy in preclinical settings, green tea
has demonstrated limited efficacy in clinical settings, mainly
due to poor bioavailability and perceived toxicity.>**° To
circumvent such unwanted outcomes while preserving the
antitumor activity, we developed an appropriate EGCG-NPs
formulation for cancer treatment. In the present study, we
prepared EGCG-loaded PLGA-NPs, which demonstrated
substantial efficacy in the PDX model, with great potential
for further therapeutic advancement in clinical settings.

We prepared EGCG-loaded PLGA-NPs and systematically
evaluated the effect of formulation variables such as sonication
power, volume ratio between EGCG and PLGA, sonication
time and PVA concentration on particle size and EE%
(Supplementary Figure 1). The optimal formulations obtained

were of submicron size 175.843.8, with an entrapment effi-
ciency of 86.0+1.5%.
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*P < 0.05.

Next, we investigated the inhibitory potential of our PLGA
based nanoformulation containing EGCG on cell growth,
confirming its several fold dose advantage over native
EGCG, the induction of apoptosis, and suppression of phos-
pho-NF-kB expression. We observed that the NPs showed
sustained release and a 3-4-fold greater ability to suppress
proliferation of A549 and H1299 cells than free EGCG, pos-
sibly due to enhanced drug uptake. Siddiqui et al** have
suggested that enhanced uptake of phytochemicals, when for-
mulated with NPs, correlates with their enhanced antitumor
activity. >

It is well established that apoptosis is a major mechanism
by which various anticancer agents destroy tumor cells.*? We
observed that EGCG-NPs enhanced apoptosis in lung cancer.
Notably, the activation of NF-kB appears to be a major path-
way involved in the proliferation of tumor cells, chemoresis-
tance, and inflammation.>>*? Using BLI, we documented the

inhibitory potential of EGCG against NF-kB (KD=4.8X10’
M). In our present study, we observed that low doses of
EGCG-loaded NPs (12.5, 25 pM) suppressed NF-«xB more
efficiently than free EGCG. When examined for its ability to
suppress NF-kB-regulated genes (BCL2, BCL-XL, COX-2,
TNFa, cyclinD1, C-MYC, TWIST1, and MMP2), EGCG-
NPs were found to be more effective than free EGCG.

The final goal of our study was to examine the in vivo
efficacy of our nanoformulation in the lung cancer PDX
model. Classical models for cancer drug screening include
cultured human tumor cell lines and rodent xenografts com-
prising of human cells grown subcutaneously in immunode-
ficient animals. One obvious problem with these models is
the artificial nature of tumor cell lines, typically passaged for
many generations in enriched culture media. These models
may not be generally representative of the genetic and epi-
genetic heterogeneity of the original primary tumor.**
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However, the PDX mouse model, as a novel preclinical
cancer model, was highly relevant to real human tumor
growth, and the tumors maintained the original molecular
characteristic and heterogeneity.*’ Thus, our results indicate
considerable credibility for translating this knowledge from
the bench to bedside.

In the lung cancer PDX model, tumor formation in mice
treated with EGCG and EGCG-NPs was delayed significantly
compared to that in the control group mice. As shown in
Figure 6D, in the untreated control mice group, the targeted
tumor volume (2000 mm?) was reached within 30 days. At this
point, the calculated volume in the EGCG treated group was

1700 mm?, while in the nano-EGCG treated group the tumor
volume was approximately 1200 mm?>, despite the use of
a 2-fold higher dose of the native compound. Additionally,
the EGCG-NPs (5 mg/kg) indicated a dosage advantage com-
pared to that observed in the G Jin’s study, where PDX tumor-
bearing mice were treated with 50 mg/kg free EGCG daily.*
We further evaluated the induction of apoptosis and inhibition
of tumors isolated from the animals to define the mechanism
underlying tumor growth inhibition. We observed the expres-
sion of Ki67 (key cell proliferation markers) and, as expected,
Ki67 was abundant in the nuclei of the untreated control.
Furthermore, treatment with free EGCG inhibited the
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expression level to a certain extent. Notably, EGCG-NPs sig-
nificantly inhibited the Ki67. The Tunnel assay, further clar-
ified that the EGCG-NPs could enhance the induction of
apoptosis. Lastly, the expression of phospho-NF-kB in the
tumor was significantly inhibited by EGCG-NPs. In this
respect, it is convinced to consider that the increased killing
of tumor cells by EGCG-NPs might occur in the same manner
as in the PDX model. The increased accumulation of EGCG-
NPs in defective, leaky, and highly permeable vascular tumor
tissue, possibly due to the enhanced permeability and retention
effect,%’47

more effectively and with reduced side effects of green tea.

allowed nanosized anticancer compounds to act

Although in the present study, we developed PLGA-
NPs as a delivery system showed that they could enhance
the antitumor effect. However, the formulated delivery
system was not able to distinguish among different cells.
Drug targeting can improve the efficacy of therapy and
reduce side effects associated with drugs.***° For this
purpose, we are planning to attach mAb on the nanoparti-
cle surface via the adsorption process.’® The goal would
be to give the modified nanoparticle delivery systems the
ability to recognize and target lung cancer cell and
offers the potential as a much more effective antitumour

therapy.
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Conclusion
Collectively, the present study showed that our nanofor-

mulation of EGCG was effective in both in vitro and

in vivo animal model systems of lung cancer. This clearly

indicates that by using this formulation strategy, green tea

polyphenols could be delivered in physiologically active

concentrations. Thus, the outcome of this study could have

direct practical implication, with translational relevance in

human lung cancer patients.
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